Abstract
Doping activity in both beta-phase (β-) and amorphous (a-) Sn-doped gallium oxide (Ga2O3:Sn) is investigated by X-ray absorption spectroscopy (XAS). A single crystal of β-Ga2O3:Sn grown using edge-defined film-fed growth at 1725 °C is compared with amorphous Ga2O3:Sn films deposited at low temperature (<300 °C). Our XAS analyses indicate that activated Sn dopant atoms in conductive single crystal β-Ga2O3:Sn are present as Sn 4+ , preferentially substituting for Ga at the octahedral site, as predicted by theoretical calculations.
In contrast, inactive Sn atoms in resistive a-Ga2O3:Sn are present in either +2 or +4 charge states depending on growth conditions. These observations suggest the importance of growing Ga2O3:Sn at high temperature to obtain a crystalline phase and controlling the oxidation state of Sn during growth to achieve dopant activation.
Many optoelectronic devices incorporate a transparent conducting oxide (TCO) to transport charge carriers and photons to and from active semiconductor layers. An outstanding materials challenge is to develop a wide-bandgap TCO with both small electron affinity and high donor concentration (Fermi energy), enabling a low-loss electron-selective contact for emerging materials with high conduction-band energies including GaN, Cu2O, and n-type silicon.
For this purpose, beta-phase gallium oxide (-Ga2O3) has recently emerged as a promising candidate TCO. With an electron affinity of 3.7 eV, 1 bandgap of 4.8 eV 2 and transmissivity above 80% in the wavelength range of 300 to 1000 nm, 3 Ga2O3 appears to be an excellent candidate wide-bandgap TCO with low electron affinity. Ga2O3 can be doped with tin, achieving donor concentrations above 10 19 cm -3 when grown in bulk-crystal form 3 and above 10 18 cm -3 when deposited by molecular-beam epitaxy (MBE) in the 540 to 600°C range. 4 However, thin films deposited using atomic-layer deposition (ALD) and pulsed-laser deposition (PLD) at more moderate temperatures in the 100 to 200°C range have not exhibited high Sn dopant activation;
as observed in this work, these films are typically highly resistive, even with a concentration of 10 20 cm -3 Sn dopants. Identifying a means to achieve higher Sn dopant activation in lowtemperature ALD-or PLD-deposited films could increase the industrial relevance of Ga2O3:Sn for cost-sensitive applications including field-effect transistors, 4 solar cells, 5-7 gas sensors, 8 and lasers. 9 Determining the chemical states of active and inactive Sn dopants in Ga2O3 is a first and necessary step toward developing intuition and theory to guide thin-film synthesis.
Herein, the chemical state of Sn dopants in -Ga2O3 bulk crystals and amorphous (a-) Ga2O3 thin films deposited by ALD and PLD is investigated. Synchrotron-based X-ray absorption spectroscopy (XAS), a probe of local atomic structure and chemical state, is employed to define requirements for successful dopant activation. It is found that Sn dopant activation correlates with Sn chemical state and Ga2O3 matrix crystallinity. The local structures of the metal cations in these different samples provide insights into how dopant atoms are incorporated into the host Ga2O3 lattices and govern electrical conductivity. β-Ga2O3:Sn single crystal (SC) is purchased commercially from Tamura Corporation and is grown from the melt using the edge-defined film-fed growth (EFG) method. 4 In addition, a-Ga2O3:Sn thin films are deposited using ALD and PLD methods. The ALD film is deposited at 120 °C in a custom-built cylindrical reactor with a 30 cm long and 3 cm wide sample stage, and a chamber volume of 0.627 L. The Ga and Sn precursors used in the ALD process are bis(µdimethylamino)tetrakis(dimethylamino)digallium 6, 10 and tetrakis(dimethylamido)tin(IV)
respectively. The oxygen source is H2O. During the ALD process, the temperatures of the Ga and Sn precursors are maintained at 120 and 60 °C, respectively, while H2O is kept at 25 °C.
High-purity N2 is used as a carrier gas and the dose pressure of the gallium precursor and H2O are estimated to be approximately 3 and 5 Torr s, respectively. respectively. The ALD and PLD film structures were also analyzed with wide angle X-ray diffraction (XRD) on Beamline 11-3 at the Stanford Synchrotron Radiation Lightsource (SSRL).
Two-dimensional scattering was collected with a MAR345 image plate at grazing incidence at an incident energy of 12.7 keV. Spectra were integrated between 5º < ϕ < 175º using the GSAS II analysis software. The resistivities for our ALD and PLD samples are estimated to be > 2000 Ω cm based on the detection limit of the four-point probe system. By assuming a mobility of > 0.1 cm 2 /V s, the upper limit of carrier density is estimated to be 3.0 10 16 cm -3 for our a-Ga2O3:Sn films. Figure 1.0 Å. [12] [13] [14] After background removal, the processed data are transformed from energy space to k-space using the relationship,
, where k is the electron wavenumber, m is the electron mass, E0 is the K-edge absorption energy of the respective elements, and ħ is Planck's constant. The spectra are weighted by k 2 to compensate for amplitude decay. For further analysis, the k 2 -weighted spectra data are Fourier-transformed with a Hanning window as a bandpass filter to enhance the signal to noise ratio within windows between k = 1.5 to 10.0 Å -1 .
The chemical states of Sn for each sample can be derived by comparing, in Figure 6 , the respective XANES spectra with Sn metal foil, SnO powder and SnO2 powder references. The full XANES spectra is given in Figure S . 1. 15 The relative chemical shifts observed in the XANES spectra are due to changes in oxidation state, which alters the binding energy for electrons in the first shell. 16 Figure 6 shows that the average charge states of Sn atoms in our SC and ALD samples are similar to that of SnO2 (Sn 4+ ). Comparing this with the resistivity data suggests that Sn 4+ can function as an electron donor under the correct conditions. However, its presence does not always result in free electrons due to other reasons including the formation of compensating defects or formation of secondary phases. The average oxidation state in our PLD sample corresponds to Sn 2+ (SnO) which is not likely to act as an electron donor. The presence of this reduced state (compared to the SC and ALD) suggests that the growth environment could be too reducing relative to the ALD and SC growth processes.
Next, EXAFS is used to investigate the structural origin of Sn doping. Figure 7 shows the Fourier-transformed spectra plotted as the magnitude, |χ(R)|, for both the Ga and Sn K-edges.
The first large peak in the |χ(R)| spectrum is due to only single-scattering paths from the first nearest neighbor (1NN) shell of atoms, and higher-order peaks are due to single-and multiplescattering paths involving neighboring atoms in 1NN and higher order shells. In both sets of spectra, the amplitudes of |χ(R)| from higher-order shells (R > 2 Å) for the ALD and PLD To gain quantitative local structural information, the peaks are isolated and fitted using the EXAFS equation given by: 18
where j indicates shells of like atoms, 2 0 S is the passive electron reduction factor, j N is the coordination number of atoms in the j th shell, k is the photoelectron wavenumber, j R is the half path length, and energy shift (ΔE0). For the SC sample, the spectra is fitted up to the second-order peak, and the scattering paths used in the data fitting routines are calculated using the crystal structure of β-Ga2O3:Sn (space group C12/m1) 19, 20 as a starting input into the ATOMS and FEFF6 codes implemented in Artemis. 21 In the unit cell of β-Ga2O3, there are two crystallographically nonequivalent Ga atoms (tetrahedral Ga1 and octahedral Ga2) and three nonequivalent O atoms (O1, O2 and O3). The Ga K-edge spectrum for the SC sample is modeled by considering equal contributions from the Ga1 and Ga2 sites, 22 Figure 7 (a) and 4(a), the good agreement between the Ga K-edge spectrum for the SC β-Ga2O3:Sn and our model up to the second order shell corroborates the beta-phase nature of the host lattice as determined using XRD by other authors. 26 By considering two different possibilities in which Sn atoms can be incorporated into the SC β-Ga2O3 host lattice, it is observed that there is a preferential substitution at the Ga2 octahedral site (SnGa2, R-factor = 0.01) as compared to substitution at the Ga1 (SnGa1, R-factor = 0.05). Our observation is also consistent with first-principles calculations by Varley et al. 27 Several other studies have also shown that transition metals like In, 28 Cr, 29 and Mn 30 have a preference for the octahedral site and can be explained by steric reasons. 29, 30 For the ALD and PLD amorphous thin-films, the average coordination number to O atoms in as well as the structural disorder ( 2  = 0.0128 Å -2 ) relative to the ALD films (Reff = 2.030 Å and 2  = 0.0076 Å -2 ). The lack of long range order in both ALD and PLD thin-films suggests that a non-crystalline structure could represent an impediment for dopant activation. One further explanation for the ALD thin-film to exhibit low conductivity despite the presence of Sn 4+ could be the formation of a compensating defect in the that reduces the number of "activated" Sn 4+ ;
such phenomenon has been observed in crystalline ZnO:Ga. 31 Lastly, post-annealing has been performed in this work in an attempt to activate the dopants in ALD Ga2O3:Sn thin-films (1 hour in N2 atmosphere at 1000ºC). However, both the film resistivity and crystalline order did not exhibit any detectable change and the authors are of the opinion that it might be necessary to anneal the films beyond 1000ºC to achieve crystalline Ga2O3 for dopant activation.
In conclusion, XAS is used to investigate the differences in the local structures of conductive single-crystal β-Ga2O3:Sn and resistive a-Ga2O3:Sn thin-films. Our results can be used to help 
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